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The threshold current density of a stripe-geometry GaAs double-heterostructure laser has been 
calculated taking into account the influence of the dynamical processes occurring along the 
junction plane. The calculation includes the effects of a temperature profile, current spreading, 
carrier diffusion and optical mode losses. The junction current density J, which causes heat 
generation, is assumed to be temperature dependent. The interdependence between them is taken 
into account in a self-consistent way. The temperature effect is shown to be particularly important 
for lasers with narrow stripe widths ( < 20 flm). 
PACS numbers: 42.55.Px, 42.60.Da 
I. INTRODUCTION 
The understanding of laser properties requires the 
knowledge of the dynamical processes occurring in the ac-
tive region during laser operation. In particular, the single 
most important property from a practical point of view, the 
threshold current density, depends on these processes. The 
operating characteristics of a laser, including its threshold 
current density and lifetime, are strongly affected by increas-
ing junction temperature. Temperature changes in the opti-
cal cavity induce changes in the band gap of the material and 
its refractive index. These in turn influence the emission 
wavelength, current spread, and threshold current density. 
In broad area lasers the current flow is one dimensional 
and the current density in the active region is uniform. In 
structures such as stripe-geometry lasers, the rapid increase 
in threshold current density as stripe width decreases sug-
gests the importance of the processes occurring in the direc-
tion along the junction plane. The effects of current spread-
ing, carrier out-diffusion, and optical-mode losses greatly 
influence the threshold current behavior and the emission 
properties of stripe lasers. These effects have been extensive-
ly discussed by Hakki,I.2 Yonezu,3 Buus,4 and Tsang.5 In 
these previous works the interdependence between the tem-
perature created in the active region and the injected current 
was neglected. In our model we analyze the effect of the 
temperature profile along the junction plane on the above 
mentioned processes, which influence the threshold current 
density. The method takes into account the junction current 
dependence on junction temperature. When a laser is in op-
eration, much of the input power is dissipated as heat, caus-
ing. an increase in the active region temperature. This in-
duces changes in the junction current density. This 
dependence is evaluated by an iterative self-consistent calcu-
lation. Using the resulting temperature and current profiles, 
we obtain the carrier distribution in the active region, includ-
ing carrier out-diffusion. The influence of the spatial vari-
ation in temperature and the free carriers on the refractive 
index of the GaAs active layer is calculated. The optical field 
distribution of the mode is obtained by treating the problem 
in both transverse directions. The optical mode distribution 
thus obtained is used to calculate the optical mode gain and 
the threshold current density. 
The calculations are carried out for spontaneous re-
combination only. Under this condition, the photon popula-
tion has negligible effect on carrier concentration. All solu-
tions are assumed to be symmetrical with respect to the 
center of the stripe. 
II. ANALYSIS 
A. Self-consistent calculation 
The present calculation is carried out for a 
GaAs-Alx Gal _ x As planar stripe type double-heterostruc-
ture (DH) laser,3.n operating continuously at room tempera-
ture. The laser is shown schematically in Fig. 1. The stripe 
width is S and its thickness d. The injected current spreads in 
a layer of thickness t and resistivity p. The thickness t can be 
comprised of one or more layers, in which case the resistivity 
must be appropriately averaged. 7 The laser length and width 
are A and B, respectively. Except when specified in the text, 
we will assume a proton bombardment stripe laser with 
S = 12 flm, t = 0.2 flm, d = 0.2 flm, p = 0.062 n cm, 
A = 375 flm and B = 250 flm. 
In order to get the self-consistent current-temperature 
calculation we have to analyze the potential distribution 
along the stripe. The potential drop in the x direction under 
the stripe, i.e., for Ix I <!S, is negligible because the metallic 
contact provides uniform current injection. However, for 
Ix I ;;;. ~S there is a potential drop in x direction due to the finite 
resistance of the spreading layer in this direction. The junc-
tion voltage beyond the stripe edges is given by the solution 
of the equation 
d 2 V(x) J. 
d 2 = p....Q exp[fjV(x)), 
x t 
(1 ) 
wherefj = q/nkT(Tis the temperature, k is the Boltzmann 
constant, q is electronic charge, and Jo is the saturation cur-
rent density, which is temperature dependent). This equa-
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tion is equivalent to Eq. (4) in Ref. 2. 
The solution of Eq. (1) is 
V(x) = ~),lxl<S/2 
V(x) = P -I IIn(2m2) + In sec2[mK 1/2(X - B /2)] j, (2) 
Ixl>S/2, 
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FIG. 2. Current density profiles, calculated for different injection levels. 
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FIG. I. Illustration of a planar 
stripe laser used in the calcula-
tion (not in scale). 
where m is an integration constant and K = JJ3plt. Both m 
and K are temperature-dependent constants. 
The current density across the junction is given by 
J(x) = Jo explf3 X V (x)]. (3) 
If there is a temperature gradient along the x direction, 
J (x) at each point x of the active layer will depend on tem-
perature, explicitly through the temperature dependence of 
Jo and p, and implicitly through V [Eq. (2)]. 
The temperature profile T (x) along the junction plane is 
calculated as proposed by Joyce and Dixon. H In their model, 
heat is generated uniformly and steadily in a planar stripe 
source which is embedded in a rectangular layered structure. 
The heat generation rate Q per unit area is the product ofthe 
device current density times the applied voltage, less the op-
tical output. Up to threshold the external quantum efficien-
cy is less than 5%, and the optical output power can be ig-
nored, so 
Q(x) = V(x)XJ(x). (4) 
Assuming Q (x) as step function in the x direction, an 
initial temperature distribution T (x) is calculated. This tem-
perature profile induces changes in V (x) andJ (x) [Eqs. (2) and 
(3)]. As a consequence Q (x) changes also. The new Q (x) can 
be well approximated by a step function, and the iterative 
process is repeated until changes in Q (x) are less than 
0.001 %. It is worth noting that the process is convergent 
only up to a certain value of external voltage ~) applied to 
the diode, beyond which the mutually reinforcing increase in 
J (x) and T (x) results in a nonconverging runaway process. In 
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FIG. 3. Temperature distribution profiles corresponding to the current den-
sity profiles shown in Fig. 2. 
practice, the series resistance of the external circuit feeding 
current to the diode will limit this runaway process. 
The resulting current density profiles are shown in Fig. 
2 for different injection currents. We observed that the cur-
rent density is strongly confined within the stripe region. 
This confinement is independent of the external applied volt-
age Vo and is mainly influenced by the resistivity (p) of the 
spreading layer. 
The temperature distributions corresponding to the 
shown current density profiles are illustrated in Fig. 3. We 
observed that even though the current density is confined to 
the stripe region, the temperature is not. About 40% of the 
temperature drop occurs within the active region. The tem-
perature profile is not much affected by changing the resis-
tivity p and the thickness t but is affected by changing the 
stripe width S and the carrier diffusion length L (through the 
dependence of J with L ). 
FIG. 4. Calculated carrier density profiles. 
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FIG. 5. Calculated density profiles due to different processes. 
The carrier concentration profile nIx) is numerically 
calculated from the final J(x) profile. Because of the long 
minority carrier diffusion length, a significant amount of 
carrier diffusion occurs in both x andy directions. The carri-
er diffusion in the y direction can be assumed as instanta-
neous, I since the thickness of the active region is extremely 
small in comparison with the diffusion length. The lateral 
carrier diffusion results in a carrier concentration that can be 
quite different from the injected current profile. 
The carrier concentration profile due to lateral diffu-
sion may be found from the continuity equation 
d 2n n - n'(x) 
dx2 = L 2 (5) 
In this equation n'(x) = J (x)/rqd is the carrier concentration 
generated by the injected current density J (x), and 7' is the 
carrier lifetime. 
If L can be assumed independent of the carrier density I 
(maximum carrier density at threshold is -1.5 X IO IK 
cm -3), Eq. (5) is linear and can be numerically solved, impos-
ing the condition of conserving the total number of electrons. 
The factorization method9 employed in the calculations al-
lowed us to calculate the nIx) profile shown in Fig. 4, for a p 
type GaAs active layer (Ln = 10 f..lm). It is important to note 
that the half-widths do not change appreciably with injec-
tion current. This is in agreement with the experimental re-
sults obtained by Paoli, 10 that the width of the spontaneous 
emission is essentially independent of the current level. The 
carrier density profile for a proton bombardment stripe-ge-
ometry DH laser was also discussed by Hakki, I by solving 
Eq. (5) for two separated regions Ixl <,S /2 and Ixl >S /2, and 
requiring the continuity of carrier concentration and current 
density at x = S /2. 
In order to compare different methods, Fig. 5 shows the 
carrier density profiles resulting from this work with (curve 
1) and without (curve 2) the current-temperature depen-
dence. This result is also compared with Hakki's results for 
the same initial injection current. The difference between 
curves 2 and 3 is essentially due to the calculation methods. 
The difference between curves I and 2 are due to the rein-
forcing current-temperature-dependent process. 
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Current spreading, lateral carrier diffusion, and tem-
perature profiles have significant effects on the dielectric 
constant of the GaAs-active layer, which in turn, induces 
changes in the optical waveguide. In this section we calculate 
the refractive index and local gain profiles that arise along 
the junction plane, taking into account the effects described 
above. We find that both refractive index and local gain pro-
files can be well described by an analytical function, and 
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FIG. 6. Refractive index profiles due to the 
presence of free carriers (dashed line) and as 
calculated by Eq. (6) (solid line). 
The threshold condition is attained when the gain acquired 
by the mode equals the total losses in the cavity. 
The effect of injected free carriers on the refractive in-
dex N of the GaAs active layer was extensively discussed by 
Mendoza-Alvarez et al. II From their data and the carrier 
density profiles calculated in this work, we were able to get 
the refractive index profiles shown in Fig. 6. The dashed 
lines represent the refractive index profile due to the pres-
ence of free carriers only (Nrc). In order to combine the con-
tributions from the free carriers and temperature into an 
effective refractive index, we assumed, as suggested in Ref. 
10, that 
Em= 1.38 eV 
1=150mA 
FIG. 7. Calculated gain profiles. 
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where aN laT = 5 X 10-4 (Ref. 12) andris the confinement 
factor for the DH waveguide. 
The resulting net refractive index profiles are shown as 
full lines in Fig. 6. Figure 7 shows the corresponding gain 
profiles due to the presence offree carriers. From Figs. 6 and 
7 we observe that, for proton bombardment stripe laser, the 
temperature effect is not enough to compensate the defocus-
ing effect due to the free carrier density, contrary to that 
suggested by Paoli. 10 The light confinement along the junc-
tion plane is due to a gain profile. 
The numerically-calculated curves for the refractive in-
dex N and the local gain g can be represented by the smooth-
ly varying symmetric functions 
N(x) = {N~ - 28No[ 1 - sech2(xlx')]}I/2, (7) 
g(x) = go -.1 [1 - sech2(xlx')] , (8) 
where 8 is the maximum value of the refractive index hump; 
.1 is the maximum value of the gain hump; No and go are the 
values of Nand g at x = 0; x', a measure of the half-width of 
the hump, is the same for both the functions. 
Equation 7 for the refractive index is the same as used in 
Ref. 13 to explain the resonant mode behavior of the GaAs 
lasers, except that, in this reference, the effect of the gain 
profile was included in the real refractive index to produce a 
positive hump 8. In our case, gain is treated separately, and 
the refractive index hump is negative, so 8 is negative. 
The n(x), g(x), N(x) profiles have almost identical (to 
within 5 or 10 percent) half-widths at half intensity. The 
value of x' equal to the half-width gives the best fit of both the 
functions (7) and (8) to the numerically calculated values. 
Figure 8 illustrates the fitting to the numerical data. It is 
important to note that the value of x' is not so critical, in the 
sense that a variation of25% in its value leads to a variation 
of about 4% in the threshold current density J th • 
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FIG. 8. Example of the litting to the nu-
merical data by the functions given by 
Eqs. (7) and (8). 
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The dielectric constant € along x direction, obtained 
from Eqs. (7) and (8), is 
€(x) = € oc +.1€ sech2(xlx'), 
where.1€ = 2N a (8 - i.1 '). 
(9) 
(10) 
Here € oc and N 00 are the undisturbed values of € and N for 
large x and.1 ' = (A 1417).1. 
The resulting waveguide modes may be obtained by 
treating the waveguide as a two-dimensional one. The elec-
tric field distribution in the y direction is given by the usual 
optical field distribution Eo( y) in a three-layer structure with 
the center layer as waveguide. The portion of the propagat-
ing mode within the active layer is represented by the con-
finement factor r. In the x direction, the resulting wave-




Here ris the propagation constant and ko = 217/,.1. The solu-
tion for the zero-order mode is l4 
Eo(x) = <p cosh - b"(xlx'), 
with 
bo=(k~x'2.1€+ 1/4)1/2-1/2. 
The net gain for mode Eo(x, y) is given by 
G = r S~ 00 g(x) I Eo(xWdx , 




where r reflects the fact that the optical distribution along 
the junction plane is indeed influenced by that in the perpen-
dicular direction. 
The threshold condition is attained at the injection cur-
rent for which the gain equals the total losses in the cavity. 
For a DH laser the main loss mechanisms are diffraction 
losses ( 0:: dif)' free-carrier losses ( 0:: fc), and mirror losses. Re-
membering that diffraction losses are included in the inte-
gration ofEq. (14), the threshold condition is given by 
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FIG. 9. Threshold current density variation as function of stripe width for a 
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FIG. 10. Variation of Jlh with Sfor the planar stripe laser described in Ref. 
3. The solid dots are experimental points'; the solid curve is calculated in 
this work for L" = 6.0 pm; the dotted curve is calculated in this work 
neglecting temperature influence. These curves are compared with the re-
sults of Ref. 3 for current spreading only (dot-dash curve), and the results of 
Ref. 5 for L" = 8.0 pm (dashed curve). 
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G = ex: fc + l/A In(l/R). ( 15) 
III. RESULTS AND DISCUSSION 
In this section the theory presented above will be used 
to calculate J th and L1 T and will be compared with some 
experimental results obtained for proton bombardment and 
planar stripe lasers. 
Figure 9 shows the threshold current density variation 
as stripe width is decreased for the laser described in Sec. II. 
For this laser d = 0.2 flm, which gives r = 0.5,15 and 
l' = 5.9 nsec. 
The JthxS variation for a planar stripe laser is com-
pared with the experimental data obtained by Yonezu et al. 3 
The lasers are 300-flm long and have a 0.7 -flm active region 
thickness. The spreading layer has t = 2.0 flm and p = 0.2 
n cm. For the growth condition described (2.5 mg Ge/gr de 
Ga)Ln = 6flm,.6-181'=3.5 nsec, andF = 0.98. 15 The metal-
lic contact is gold, and in the calculation we assume an ideal 
heat sink. In Fig. 10 the dots are experimental points. The 
solid line is the result of this work. It is worth noting that our 
result is almost coincident with Tsang's5 result for Ln = 8.0 
flm (dashed line), butthe value of Ln = 6.0flm is more realis-
tic. Our results for Ln = 8.0 flm is almost coincident with 
the curve obtained when the temperature influence is ne-
glected and Ln = 6.0 flm (dotted line). The dash-dot line in-
cludes the effect of current spreading only, as calculated in 
Ref. 3. The increase in J th with increasing Ln is due to an 
increase in the diffraction loss due to the carrier diffusion to 
the lossy region. In order to avoid an overestimation of the 
threshold current density, we have to take into account the 
temperature effects, especially for a stripe laser width less 
than 20 flm. The overestimation in the values of Jth for laser 
width up to 60 flm is shown in Fig. 11. 
Figure 12 shows the maximum temperature variation at 
threshold, calculated for the proton bombardment laser and 
planar stripe laser described above. The temperature in-
30 
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FIG. 12. Maximum temperature variation at threshold for the proton bom-
bardment and planar stripe lasers described. 
crease as stripe width decreases is, as expected, due to the 
increase in the threshold current density. This calculation 
assumes that the laser is on an ideal heat sink. In practice, the 
influence of the heat sink has to be taken into account in 
terms of the heat-sink thermal resistance, as already dis-
cussed by Joyce and Dixon.x In order to compare the calcu-
lated L1 T with the corresponding experimental value, the 
junction temperature rise was experimentally measured us-
ing Paoli's null method.ll} For a 7-f-tm stripe width and 380-
f-tm long proton bombardment laser, on a copper heat sink, 
the temperature rise measured was 4.6·C at 3.5 kA/cm 2• 
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This value is in excellent agreement with the calculated value 
of 4.4·C at the same current density. For the 20 f-tm stripe-
width planar-stripe laser described, on copper heat sink the 
calculated value of temperature rise is 17.7 ·C at 5 kA/cm2• 
This value is comparable with the measured value of 20 ·C 
measured by Y onezu et al. 3 
For all lasers (proton bombardment and planar stripe 
lasers) investigated, the temperature effect was not enough to 
compensate the defocusing effect of the refractive index, due 
to the presence offree carriers. The mode confinement along 
the junction plane for these lasers was due to the gain profile. 
Only for a planar stripe laser with a stripe width less than 5 
f-tm and a diffusion length of 8 f-tm, did we obtain a positive 
contribution to the refractive index of the active region. In 
this case, the temperature rise must be about 20 ·C in order 
to get a 1 % variation of N and result in a refractive index 
mode guiding. 10.13 
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